V-telluride superlattice thin films have shown promising performance for on-chip cooling devices.
Under the guidance of theoretical studies, we develop an experimental approach to fabricate low resistivity metal contacts to V-telluride thin film superlattices, achieving a 100-fold reduction compared to previous work. Interfacial characterization and analysis using both scanning transmission electron microscopy and energy-dispersive x-ray spectroscopy show the unusual interfacial morphology and the potential for further improvement in contact resistivity. Finally, we harness the improved contacts to realize an improved high-performance thermoelectric cooling module.
V-telluride materials such as Bi 2 Te 3 and Sb 2 Te 3 have been of interest for thermoelectric applications [1] [2] [3] [4] [5] and recently for their topological insulator properties [6] [7] [8] [9] . In particular, thin films of such materials have shown excellent performance for on-chip cooling [10] [11] [12] [13] with even better performance predicted theoretically [14] . To realize the full promise of these materials, it is necessary to eliminate parasitics that can limit the performance. As such, metal contacts play an important role for thin-film thermoelectric (TE) devices, especially in high heat-flux applications (e.g. chip cooling) where low contact resistivity (ρ C ) is critical to device performance [15] [16] [17] . Recent work [18] has demonstrated low electrical contact resistivity ρ C in the range 1-2´10 -6 Wcm 2 in TE modules based on (Bi,Sb) 2 Te 3 superlattices using the evaporation of Cr/Ni/Au to fabricate metal electrodes. For thin-film thermoelectric modules with the TE thickness < 2 µm, further reduction of ρ C to 10 -8 Wcm 2 is needed for the contact resistivity to be a small fraction of the resistivity of the thermoelectric element itself [18] .
Creating such low contact resistivities is challenging from a fabrication perspective [19] , but also because little is known about the fundamental properties of metal contacts to these materials.
For example, even basic properties such as the atomic and electronic structure of the metal/TE interface are largely unknown. This makes it difficult to optimize the contact resistivity and to establish the fundamental limits [20] that are possible. To address this challenge, we present an integrated theoretical and experimental effort towards understanding the limits of low-ρ C in realistic metal contacts to advanced TE materials. We present a new multiscale theoretical approach combining ab initio calculations and continuum mesoscopic models to investigate the structural, electronic and transport properties of electrical contacts to novel TE materials used in thin-film, superlattice V-telluride devices. We show that the nature of these semiconductor materials leads to unusual contact properties, such as strong n-type doping near the interface and interfacial atomic dipoles that completely determine the band-bending. We predict that significant improvement over previously reported experimental data is possible, and we present new experimental data that demonstrate a 100-fold reduction in contact resistivity. Detailed atomistic spatially-resolved measurements of the new contacts show that additional improvement should be possible. Importantly, we demonstrate that the reduction in contact resistivity can be harnessed to improve the thermoelectric efficiency of cooling modules.
To understand the electrical properties of contacts to (Bi,Sb) 2 Te 3 materials and their realistic low ρ C limit we carried out a series of large scale ab initio calculations of the Sb 2 Te 3 -Cr interface illustrated in Fig. 1a . Cr was chosen because it has shown good adhesion properties to Vtelluride materials [21, 22] , while Sb 2 Te 3 possesses lower electrical resistivity than Bi 2 Te 3 , possibly implying a lower contact resistivity. In addition, we also chose to simulate the p-type doped TE material since experimentally [18] it has higher contact resistivity compared to the n-type material, and thus greater gains might be expected from improvement of that contact. While metal interdiffusion at metal/TE interfaces is known to arise [23] and Cr is a common dopant [24, 25] [26] [27] [28] [29] . We perform the calculations using the VASP code [30, 31] to simulate realistic low-strained metal/TE interfaces using large supercells (thousands of atoms), which allows us to incorporate anti-site defects that yield ptype free carrier concentrations similar to those expected to maximize cooling performance. (See Supporting Information for additional details of the computation.) Figure 1b shows the calculated electronic structure of bulk undoped Sb 2 Te 3 . We find a quasi-direct band gap of 100 meV with both the VBM and CBM having six-fold valley degeneracy. From the calculated bandstructure we also calculated the density of modes [32] , from which hole and electrons transport effective masses of ~ 0.25 m 0, where m 0 is the free electron mass, were obtained perpendicular to the Sb or Te layers. Using a dense k-point grid we have also calculated the carrier concentration (holes and electrons) as a function of position of Fermi level, as shown in Fig. 1c .
To simulate the p-doped semiconductor we created two anti-site defects (Te replaced by Sb) in our supercell. At this density of anti-site defects the Fermi level is located in the valence band, with no localized defect states in the bandgap. Given that Te has one more valence electron than Sb, each anti-site defect leads to one free hole in the degenerate doping regime. We thus realize a total doping concentration expected to lead to optimal TE properties, namely p=6.5 ´10 The simplest model for the band alignment at the metal/semiconductor interface is the direct alignment due to the metal work function f and the semiconductor electron affinity χ. We thus calculated these two quantities from ab initio (see Supplementary Information for details), finding f = 4.4 eV and χ = 4.7 eV as shown in Fig. 1a . This large χ implies that a number of metals will naturally prefer to form n-type contacts to Sb 2 Te 3 ; in addition, the large electron affinity will lead to electron transfer from the metal to the semiconductor, which will dope the semiconductor n-type near the interface. This has important consequences for contacts to p-type materials since we can expect a p-n junction to form near the contact which will increase the contact resistivity.
Of course, the local atomic interactions at the interface can change the position of the Fermi level at the interface expected from direct band alignment. These important effects are revealed by our ab initio simulations of the full interface. For example, we find significant atomic disorder of Sb 2 Te 3 near the interface with Cr, while Cr stays quite ordered (see Fig. 1a ). (While the Seebeck coefficient in the disordered region may be changed compared to the rest of the TE material, the device Seebeck coefficient will not be strongly affected because the device Seebeck is an average over the thin film thickness, and the disordered region is only a very small fraction of the film thickness.)
The significant disorder at the interface is also accompanied by a strong chemical interaction between the Cr and the Sb 2 Te 3 . Fig. 1d 1a.) [33] . The results are shown in Figure 2a . We find a completely distorted electronic structure in the first quintuplet, with states seen across the energy range and no discernible bandgap. The bulk semiconductor states become more clearly identifiable starting with the second quintuplet. In particular, we can identify the Fermi level positioned at the edge of the conduction band, indicating that even though the semiconductor is p-type, there is strong n-type doping near the interface due to the metal. One can see that the VBM and CBM start bending up as one moves further away from the interface, but with the VBM still below the Fermi level even in the 5 th quintuplet. As we shall see, this is an artifact of the limited k-point sampling that we can employ in our full ab initio calculations. A similar picture holds for the undoped Sb 2 Te 3 contacted with Cr, except that here the VBM and CBM are generally aligned about 50-100 meV lower in energy. We also note that the 6 th quintuplet is next to vacuum in the simulations, hence the appearance of the topological surface states (Dirac cone) in the projected bandstructure.
We obtain the band bending V ( ! r ) for the Sb 2 Te 3 /Cr system by subtracting the electrostatic potential of the semiconductor and metal subsystems from the one of the full metal/semiconductor system. We do not find an overall tunnel barrier at the interface as short bond-lengths between metal and semiconductor atoms allow for conduction paths near the Fermi level within a few Å from interface. Having obtained the detailed properties of the interface from ab initio calculations, we employ a macroscopic model that captures these details while allowing the modelling of band bending far away from interface together with the prediction of the contact resistivity (although fully ab initio approaches to obtain the contact resistivity have been developed [34] the size and complexity of this system prohibits the use of such approaches.) Since our novel multiscale approach is general, we expect it to be applicable to a broad range of metal/semiconductor interfaces. As discussed in the Supplementary Information, we self-consistently solve for the continuous charge distribution and electrostatic potential for spatially uniform p-type doping. We use a parabolic band approximation with effective mass obtained from the ab initio simulations.
We also include the atomistic charges obtained from the ab initio simulations which arise from the strong chemical interaction at the interface. As shown in Fig. 2b the combined ab initio/macroscopic approach can be used to predict the band bending in excellent agreement with the fully ab initio one in both the doped and undoped cases. Our approach allows to converge the band bending up to large distances away from the interface, as well as to consider arbitrary doping levels. The converged result for a doping of 6.5e19 holes/cm 3 is shown in Fig. 2c . Remarkably, we find that the band bending near the interface is mostly dominated by the chemical dipole charges, i.e. the p-type doping matters little near the interface and in fact the semiconductor is We calculate the contact resistivity using conventional models for tunneling and thermionic emission [35] as detailed in the Supporting Information, with the band-bending for different doping obtained from the macroscopic model benchmarked with the ab initio simulations. We find that the barrier width is inversely proportional to the doping level (see Supporting Information), with negligible dependence on temperature. Other parameters are obtained directly from the ab initio simulations: the tunneling effective mass and barrier height. Figure 3b shows the calculated contact resistivity as a function of p-type doping for several temperatures. Three transport regimes can be identified: at high doping, the tunneling width is small and direct tunneling near the Fermi level dominates transport. At intermediate doping we find that the main contribution comes from thermionic field emission. Finally, at low doping hole transport takes place via thermionic emission, hence the stronger dependence of ρ C on temperature. At room temperature and for doping levels similar to those realized experimentally [18] (namely 3-5 x10 19 holes/cm 3 ) we find values of ρ C in the range 1-3 x10 -8 Wcm 2 , up to two orders of magnitude less than previously reported experimentally [18] . In addition to establishing a lower limit for the contact resistivity of realistic interfaces, our results also establish a benchmark to which future contact design modeling can be compared. Our results also provide the quantitative dependence of the contact resistivity on doping, which will have to be taken into account when optimizing the doping of future TE thin film devices.
Under the guidance of theoretical predictions we have tested experimentally the possibility of low ρ C by utilizing an improved technique to fabricate electrical contacts to V-telluride materials. The samples to be metallized were a p-type Bi 2 Te 3 /Sb 2 Te 3 thin-film superlattice and an n-type Bi 2 Te 3-x Se x thin-film alloy. Both type of films were grown epitaxially via metal-organic chemical vapor deposition on semi-insulating GaAs substrates [2] . These materials were loaded into a vacuum chamber and pumped down to a background pressure of less than 9x10 -7 torr. They were then back-sputtered using an Ar + plasma (power = 350W; time = 10 minutes; pressure = 20 mTorr; Ar flow rate = 50 sccm) in an effort to treat the sample surfaces in situ. Finally, the desired metal stacks were deposited onto the samples via sputtering with an Ar + plasma. Previous work has shown that similar processes resulted in decreased contact resistivity for Ni and Co contacts to Bi 2 Te 3 [36] . Schematics of the metal stacks can be found in the Supplementary Information. This surface treatment and metallization process can also be used to fabricate contacts onto other TE materials, such as PbTe and skutterudites, although the effectiveness of this technique on such materials is unknown.
The measured values of specific contact resistivity for the sputtered metallizations were obtained via the circular transfer length method (C-TLM) [37] . C-TLM calls for the measurement of electrical resistance values of a metallized thin film material across a series of annular gap spacings as a function of gap width (see Supplementary Information for details of the geometry). As the gap width approaches zero, the measured electrical resistance approaches the value of the contact resistance. Representative resistance vs. gap spacing data for both p-type and n-type V-telluride materials in given in Figure 4 . The slope of the resistance vs. gap spacing line is the sheet resistance (R s ) multiplied by a geometric constant. The intercept is -2 times the transfer length (L T ), where the transfer length is the average physical distance an electron will travel in the semiconductor under the contact before flowing into the contact itself [38] . The specific contact resistivity is then calculated as R s *L T 2 .
The specific contact resistivity values obtained for a number of sputtered metallizations, on both p-type and n-type V-telluride materials, are given in Table 1 . Missing data in Table 1 means the calculated value resulted in a negative contact resistivity or transfer length, which is an unphysical result and therefore not reported. The traditional interpretation of this unphysical result is that the particular contact resistivity (and therefore transfer length) being measured is small compared to experimental variance, implying a very small value of the contact resistivity -likely below 10 -8 ohm-cm 2 . This data indicates that the Ar + backsputter/sputtered metallization process can yield lower ρ C values than the standard evaporation or plating metallization processes which are currently used in state-of-the-art thin-film V-telluride devices [18] . Indeed, we measured the properties of similar contact prepared without Ar sputtering and consistently find contact Analyzer (AXSIA) software [39] . Figure 5 shows STEM images and an EDS spectrum image of a sputtered Cr metal contact on a p-type (Bi,Sb) 2 Te 3 superlattice [12] . The Cr layer here is nominally 40 nm thick and is topped with an overlayer of Au. The grains in the Cr layer exhibit a columnar morphology and, as can be seen in the corresponding EDS spectrum image, some Au appears to have infiltrated along the grain boundaries in this layer. However, while metal diffusion into the TE is a well-known phenomenon, here we find little evidence of metal diffusion into the TE material. Particularly striking is the rough morphology of the interface between the (Bi,Sb) 2 Te 3 superlattice and the Cr coating. We believe that this rough morphology is likely a result of the pre-sputtering of the thermoelectric surface prior to deposition of the Cr. Analysis of the EDS spectrum images in conjunction with atomic resolution HAADF-STEM imaging ( Figure 5(b) ) shows vertical spikes of (Bi,Sb) 2 Te 3 in contact with Cr, at least at their tips. We also identify an additional signal in the troughs (shaded as magenta in Fig. 5c ) which exhibits signatures of enriched oxygen content (Fig.   5d ). The observations also suggests some disorder in crystal structure of the (Bi,Sb) 2 Te 3 material near the tip of the vertical spikes, with bending of the lattice planes and a disruption of the normal 5-plane wide quintuple layer structure apparent in the high resolution STEM observations (Fig.   5b ). We also observe a similar morphology at the interface between the (Bi,Sb) 2 Te 3 and the Ti metallization (see Supplementary Information) . Overall, these observations suggest that controlling the interface morphology may be beneficial to the contact resistivity, and also point to possible further reduction of the contact resistivity via increasing the direct contact area by further removing the oxygen at the interface, which could allow the resistivity to approach the fundamental theoretical limit.
We harnessed the low contact resistivity of sputtered contacts to V-telluride materials by realizing high-performance thermoelectric coolers. A sputtered Ti/Cu metallization with an Ar + backsputter was used for the sink-side contact in a thin-film TE test structure, as shown schematically in Figure 6 . The hot side/cold side temperature difference (∆T) of the test device was measured as a function of input current. The top and bottom TE module temperatures, T C and T H , respectively, were read using 25 µm diameter K-type thermocouples positioned on the device. The measurements were taken under vacuum (P < 10 -4 Torr) to minimize convective parasitics. The TE device was sunk to a water-cooled heat sink which was maintained at 23ºC. During the measurements, the temperature of the hot side increased slightly, reaching 24.5ºC at maximum cooling.
The ∆T vs. I curve for the Ti/Cu-contacted device is plotted in Figure 6 (additional data can be found in the Supplementary Information). Data from a control sample using standard contacts on both the source and sink sides is included for comparison. Both curves follow the expected expression [2] Δ =
where S is the Seebeck coefficient, T c is the cold side temperature, I is the current, K is the thermal conductance, R is the resistance of the thermoelectric material, and R c the contact resistance. (In our measurements, we stopped the data acquisition soon after ∆T started to decrease after reaching the maximum value. Best fits to Eq. (1) are shown to help guide interpretation of the curves.)
shows that for fixed material parameters, a decrease in contact resistance leads to a decrease of the Joule heating term. This reduction allows the device to be operated at a higher current, and therefore to achieve a larger ∆T max .
The increased maximum ∆T value from the device built with sputtered Ti/Cu contacts (∆T max = 41.2K) as compared to that from the device with standard contacts (∆T max = 35.9K)
suggests than the decreased ρ C seen from the sputtered Ti/Cu contacts can be readily translated into improved device performance. The reduction in contact resistance is readily seen from the voltage vs I data shown in the Supplementary Information, which gives total resistances of 18 mOhm for the reference module, and 10 mOhm for the module with sputtered contacts. Thus, adaptation of this new metallization process has the potential to enable record-setting performance of V-telluride devices, specifically those with thermoelectric applications. From the best fits and the above total resistances, we extract device Seebeck coefficients of 343 µV/K for the reference device, and 295 µV/K for the device with sputtered contacts. These values are in good agreement with the materials Seebeck coefficients reported in the Supplementary Information. In addition, this further shows the value of the improved contacts, since at the same device Seebeck coefficient the maximum cooling with the new contacts would be even higher.
In summary, we employed ab initio simulations to understand the fundamental properties of metal/telluride interfaces and to predict their contact resistivity. We find an unusual situation where the strong disorder at the metal/Te interface leads to chemical dipoles that dominate the band bending near the interface. This effect, accompanied by the high electron affinity of the TE material invariably leads to a contact resistivity that is determined mainly by thermionic field emission. We harness this knowledge to fabricate improved contacts to TE materials, and to demonstrate a significant improvement in the cooling performance of thin film TE devices. We expect that detailed knowledge of the contact properties could lead to further reduction of the contact resistivity by designing new contact geometries. For example, the knowledge that tunneling plays a critical role at the contact suggests that metal protrusions could provide local field concentration that would reduce the band bending width and increase the tunneling probability. 
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and two Sb). Its conventional unit cell is hexagonal with three ABC-stacked quintuplet layers and a total of fifteen atoms. On the other hand, Cr has the bcc crystal structure with space group and two atoms in one unit cell. In order to match the bcc structure of Cr, we converted the hexagonal unit cell of Sb 2 Te 3 into a rectangular one , resulting in the lateral lattice constants a X =4.26 Å and a Y =7.38 Å. We created three interfacial structures consisting of Sb 2 Te 3 contacted by the (100), (110) and (111) planes of Cr, and calculated the interfacial strain on Cr -we use the experimental lateral lattice constants for Sb 2 Te 3 -using different size of supercells. We found that the 4x4 Sb 2 Te 3 supercell (we use 6 QPs along the Z-direction) and the 3x7 Cr (110) supercell (we use 6 atomic layers along the Z-direction) yield the smallest strain (i.e. 2% tensile strain in the X direction and 3% compressive strain in the Y direction). Because we found that all three Cr surfaces yield similar interface properties (disorder, band bending), we chose the one with the smallest strain for this study.
We then optimized the interfacial structure with smallest strain (4x4x2 Sb 2 Te 3 and 3x7x3
Cr) with respect to the atomic position. The system has a total of 1464 atoms. The structure optimization was carried out using the VASP code [1] , an ab initio simulation package based on Density Functional Theory. We used the Local Density Approximation (LDA) [2] and Projector
Augmented Wave (PAW) [3] pseudo-potentials. To optimize the position of atoms we performed a Gamma-point only calculation. The relaxed structure has all the forces relaxed to less than 10 meV/Å. Previous studies [4] showed that the spin-orbit coupling (SOC) has a small effect on atomic structure, hence we did not include SOC in the structure optimization. When calculating the electronic structure of the optimized structure we sampled the Brillouin zone using a 2x1x1 kpoint grid, we used a Fermi-Dirac smearing procedure with a temperature T=300K and we included SOC. To understand the effect of doping on the electronic transport at the interface, we
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also generated an interface of p-type doped Sb 2 Te 3 and Cr by creating two Sb anti-site defects in the 4x4x2 supercell of Sb 2 Te 3 : one defect located between QL1 and QL2, the other one between QL5 and QL6. The positions of atoms around each defect within a radius of ~1 nm were further optimized.
S2. Carrier concentration and density of transport modes from ab initio calculations
We calculated the hole concentration as a function of Fermi level with respect to the VBM, with a large number of k-points (86x86x12 grid) over the whole Brillouin zone. We then calculated the density of transport modes (DOM) for hole carriers using the formula , where L is the length of supercell along the transport direction (Z), [5] and . The group velocities of the hole carriers were calculated by using finite difference method with a small value of along the Z direction. We used a small Gaussian smearing width w =5 meV. Similar expressions -with the sum being done over states from the conduction band -hold for the electron concentration and DOM. 
is obtained at energies close to the valence band maximum (VBM). In our macroscopic modeling we only consider tunneling from CBM to VBM. Since Sb 2 Te 3 has a quasi-direct band gap, electron-phonon scattering assistance is not required for momentum conservation parallel to the interface.
S3. Converged band bending for large systems
We obtain the band bending V for the Sb 2 Te 3 /Cr system by subtracting the electrostatic potential of the semiconductor and metal subsystems from the one for the full metal/semiconductor system. This definition for V results in a smooth function as the ionic potential contribution cancels out exactly. However, this definition also neglects the contribution of disorder and metallic surface states to the tunnel barrier and band bending. We have checked (via a macroscopic average [6] of the difference between the electrostatic potential of disordered semiconductor slab and ordered bulk semiconductor) that this contribution is negligible at distances larger than 1 nm away from the metal interface , which is the region of interest as the bulk states cannot be identified at shorter Here we also treat the Cr system as a perfect metal. Comparison with step i) allows to obtain r 0 (z) from which one can predict the band bending for other cases.
iii) we benchmark our modeling by calculating the band bending for the doped case using ab initio carrier concentrations obtained from 2x1x1 k-point sampling. The resulting potential is shown in Fig. 2b . We see that the modeling reproduces very well the ab initio calculated band bending at distances larger than ~2nm from the interface. At shorter distances a slight difference exists which we believe is due to the fact that the electronic structure of bulk semiconductor 
S4. Macroscopic modeling
We self-consistently solve Poisson's equation
the equations for the free carrier density
Here r 0 (z) is the (fixed) charge due to chemical dipoles obtained from the ab initio calculations, N d is the dopant concentration, and D n (E,z) and D p (E,z) are the electron and hole density of states locally shifted by the local electrostatic potential. This approach is the conventional rigid shift approximation.
The density of states follows an effective mass approximation
with the effective masses obtained from the ab initio calculations.
The equations are discretized on a one-dimensional dense grid and solved self-consistently 
We find that W is inversely proportional to the doping level (see Fig. S2 ) with negligible dependence on temperature.
The contact resistivity is calculated from
with the zero bias current density given by [7] ∂J
and
This last equation is the tunneling transmission probability as a function of the component of the carrier energy E z perpendicular to the interface. Thermionic emission is included in our calulcations by setting P(E z ) = 1 . 
S5. Thermoelectric properties of the Bi 2 Te 3 /Sb 2 Te 3 superlattice material
Both of the modules were fabricated from the same p-type and n-type materials, which had thicknesses of 15.3µm and 14.2 µm, respectively. Unfortunately, there is no straightforward Therefore, we present the in-plane measurements for the Seebeck coefficient and electrical conductivity. This allows us to compare as-grown samples to each other. However, it is important to recognize that in an operational device, the material's cross-plane properties are what is relevant. Also, we did not measure the thermal conductivity for these two samples, but in the past, both of these materials have consistently given 1.0-1.1 W/m-K [8] . Table S1 : Thermoelectric properties of the p-type and n-type materials used to measure contact resistance and to fabricate modules. 
S6. Voltage response of modules
The voltage response of the two modules is shown in Fig. S3 . The lower overall resistance of the module with the lower contact resistance (blue data points) is clearly apparent from the comparison with the control module (red data points). 
S7. Contact resistivity of control samples
We measured the contact resistivity of control samples (i.e without Ar sputtering) using the same TLM technique described in the main text. The samples consisted of the same p-type and ntype thermoelectric materials as for the Ar sputtered contacts. Results are presented in Table S2 . Figure S4 shows the stacking details and dimensions for the different contact materials. We also include a schematic of the measurement geometry used to extrac the contact resistance [8] .
S8. Details of metal stacks and measurement geometry
Figure S4: Cross-sectional schematics of the metal stacks used in the experiments. The bottom right panel shows the geometry used to obtain the contact resistance.
S9. Microstructure of the Ti/(Bi,Sb) 2 Te 3 interface
We also conducted STEM analysis of the interface between the Cu/Ti and p-type (Bi,Sb) 2 Te 3 material ( Figure S5 ). As with the Cr/(Bi,Sb) 2 Te 3 we observe a rough interface, which we believe likely arises due to the Ar+ sputtering of the TE material. Also similar to the Cr/(Bi,Sb) 2 Te 3 metallization, we observe a thin layer of oxygen enriched material at the interface. 
